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ABSTRACT
Topoisomerases are enzymes of quintessence to the
upkeep of superhelical DNA, and are vital for replica-
tion, transcription and recombination. An atomic-
resolution model for human topoisomerase I in
covalent complex with DNA is simulated using
molecular dynamics with external potentials that
mimic torque and bias the DNA duplex downstream
of a single-strand cut to rotate around the intact
strand, according to the prevailing enzymatic mech-
anism. The simulations reveal the first dynamical
picture of how topoisomerase accommodates large-
scale motion of DNA as it changes its supercoiling
state,andindicatethatrelaxation ofpositiveandneg-
ative supercoils are fundamentally different. To relax
positive supercoils, two separate domains (the ‘lips’)
of the protein open up by about 10–14 A ˚, whereas to
relaxnegativesupercoils,acontinuousloopconnect-
ing the upper and lower parts (and which was a hinge
foropeningthelips)stretchesabout12A ˚ whilethelips
remain unseparated. Normal mode analysis is addi-
tionally used to characterize the functional flexibility
of the protein. Remarkably, the same combination of
low-frequency eigenvectors exhibit the dominant
contribution for both rotation mechanisms through
a see-saw motion. The simulated mechanisms sug-
gest mutations to control the relaxation of either
type of supercoiling selectively and advance a hypo-
thesisforthedebatedroleoftheN-terminaldomainin
supercoil relaxation.
INTRODUCTION
Topoisomerases are enzymes with crucial role in maintain-
ing the proper topology and physical integrity of DNA
superhelical structures. They remove knots and catenanes gen-
erated by unwinding at the replication fork, relieve torsional
stress caused by supercoiling during DNA transcription or
chromosome disentanglement, and are involved in recom-
bination and repair (1–3). A precise understanding of their
mechanism is important mainly for two reasons.
Firstly, because topoisomerase inhibition cancels cell pro-
liferation, human topo I is a major anti-cancer target (4,5). A
novel class of topo I inhibitors (the camptothecin (CPT) ana-
logues topotecan and CPT-11) are some of the most potent
anti-cancer agents to date (6).
Secondly, the chemical reaction performed by topoi-
somerases inducesmovementofDNA segmentsseveralorders
of magnitude larger than the size of the protein. For this
reason, topoisomerases are prime case studies for understand-
ing the triggering of large-scale mechanical motions induced
by biomolecular motors, and in particular the effect that
external forces or torques have in tuning such machines at
the single-molecule level (7,8).
Computer simulations of DNA–protein complexes under
external forces (9), as virtual single-molecule experiments,
are in a position suitable to suggest and explain actual
single-molecule measurements on supercoiled DNA (10–15).
This is particularly important since the two techniques (simu-
lation and experiment) are complementary both in terms of
spatial resolution and time scales.
Four distinct subfamilies of topoisomerases have been
identiﬁed, topo IA (16), IB (17), IIA (18), IIB (19), and sub-
sequently classiﬁed according to their structure and func-
tionality [recently reviewed in (3)]. Human topoisomerase I
is a IB enzyme, an eukaryotic type discovered by Champoux
and Dulbecco in the early 1970s (17). Topoisomerases (topos)
of type I eliminate the supercoiled DNA stress by nicking one
strand of the helix and passing the other strand through the
nick. During strand passage, the enzyme attaches covalently to
a DNA end at the nick by forming a phosphodiester bond with
a tyrosine at the active site. Two models have been proposed
for strand passage in type I topos: (i) the enzyme-bridging
model (20) (in which the enzyme stabilizes a gate through
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doi:10.1093/nar/gki935the nick), and (ii) the strand-rotation model (21) (in which one
end of the nick is driven to rotate around the intact strand by
the supercoiling free energy). For the type IA subfamily, evid-
ence in favor of the enzyme-bridging model, suggested by
structural data (22,23), was conﬁrmed by recent single-
molecule manipulations (11,12). For the type IB subfamily,
structural evidence points toward the strand-rotation model
(see below). While an exciting recent single-molecule work
(appeared during the submission phase of this manuscript) on
vaccinia topo I (a smaller topo IB enzyme) found that its
activity is torque-dependent (24), no molecular dynamical
details of the actual mechanism involving the protein are cur-
rently available.
Moreover, while topo IB enzymes relax, unlike topo IA,
both positive and negative supercoils (i.e. overwound or
underwound), no attempt to discriminate between the two
types of DNA substrates has been made for human topoi-
somerase. Here, we present the ﬁrst dynamical model that
includes the protein response to the large-scale motion of
the two supercoiled DNA states by atomistic simulations.
Available data on human topoisomerase I
In a crystallographic tour de force, Holl, Champoux and
coworkers (25–27) have obtained both covalent (i.e. after
DNA nicking) and non-covalent (i.e. with intact DNA) com-
plexes between human topoisomerase I and a 22 bp DNA
duplex. Human topoisomerase I is a monomeric protein of
765 amino acids and is composed (2,25,28) of four major
regions: the N-terminal, core, linker and the C-terminal
domains. As seen in Figure 1A and B, the core subdomains
I and II constitute an ‘upper cap’, which is connected by a
ﬂexible hinge to a ‘lower cap,’ containing the C-terminal
domain, the core subdomain III, and the anti-parallel
coiled-coil linker domain. Two contiguous a-helices (a5
and a6 in Figure 1A) form a V-shaped ‘nose cone,’ believed
to be important in the topoisomerization mechanism (21), and
belong to the upper-cap core subdomainsII and I, respectively.
When closed, the upper and lower caps bring together two
opposable ‘lips’. These regions are positioned diametrically
opposite the hinge region. The upper lip is part of the core
subdomain I; the lower lip belongs to core subdomain III (see
Figure 1A and B). The protein is believed (21) to open up its
lips widely (hinging on the hinge region) in order to bind the
incoming DNA duplex; this is then to be followed by the
closing of the lips around the DNA strand (see binding step
in Figure 1C). The steps of the cycle of activity of human topo
I continue with cleavage of one of the two DNA strands
through nucleophilic attack by the active site tyrosine
(Tyr723 in Figure 1B). This results in covalent attachment
of the protein to the 30 phosphate at the site of cleavage.
The resulting nick allows rotation of the DNA duplex down-
stream of the nick (see Figure 1B and C). This strand-rotation
mechanism explains why topo IB enzymes can relax multiple
supercoils, of either sign, at a time: the number of times the
downstream part rotates equals the change in DNA’s linking
number [i.e. the number of times the two strands cross, a
topological invariant under continuous deformations (29)].
The driving torque required for DNA rotation is thought to
derive from the supercoiling energy; the direction of
rotation depends on whether DNA is overwound (positively
supercoiled) or underwound (negatively supercoiled). After a
number of rotations occur [number believed to be, at least for
vaccinia topos, torque-dependent (24)], a religation reaction
sutures back the nick and the enzyme opens up to release a
less-supercoiled DNA product.
Based on the crystal structures of the covalent and nonco-
valent complex, Champoux and coworkers (21) have proposed
what is now the prevalent model for human topo I activity, the
so called ‘controlled-rotation’ mechanism: the downstream
part of the DNA scissile strand, rather than being driven to
rotate freely, rotates under the control of the surrounding pro-
tein. An important role in this process is thought to be played
by charged residues of the nose cone and linker interacting
electrostatically with the DNA downstream part. Eight addi-
tional crystal structures (26) exhibited signiﬁcant crystal-to-
crystal non-isomorphism and sizable differences in the trace of
the backbone, documenting the remarkable ﬂexibility needed
by the closed enzyme to accommodate duplex rotation inside a
cylinder-like space of large radius inside an enzyme maintain-
ing its grip on the DNA. This indication of large-scale dynam-
icalmotions, togetherwithavailable studies forrelated type IB
topos (24,30–33), provided an incentive basis for our studies
of the dynamical mechanisms important for the function of
human topo I. However, it is very important to note that our
simulations and the resultant ﬁndings are all based on the
previously proposed ‘controlled-rotation’ mechanism (21),
i.e., rotation of the downstream DNA around the intact strand.
Therefore,iftheDNArelaxesthroughanothermechanism,our
results should not be regarded as physiological.
MATERIALS AND METHODS
Torque-applied molecular dynamics
Constant-temperature molecular dynamics using the Nose–
Hoover thermostat (34,35) and taking 2 fs steps by utilizing
the SHAKE algorithm (36) were performed, with the non-
bonded interactions (force) shifted to zero over 8–12 A ˚.
The system was biased half-harmonically, i.e., only when it
moved away from the target (37), with an external potential of
the form
Wðr‚ tÞ¼
a
2
ðr   r0Þ
2‚ 1
in which a is chosen to be 1000 kcal/mol/A
4, (value adjusted
so that full 360  rotations can be performed within the ns time
scale). The reaction coordinate r leading from the initial state
to the ﬁnal state is given by
rðtÞ¼
1
NðN   1Þ
X N
i¼1
X N
j6¼i
ðrijðtÞ rR
ijÞ
2 2
where rij ¼ |ri   rj| is the distance between atoms i and j, R
labels the coordinates of the ﬁnal reference structure, and N
represents the total number of atoms biased.
In this set-up, downstream DNA experienced forces from 0
to2nN,yieldinganaverageeffectivetorqueofabout8.4nN·A ˚.
The reference structures towards which DNA was biased were
obtained byapplying arotation transformationtothebackbone
atoms of DNA duplex in 10  angular increments until a full
6622 Nucleic Acids Research, 2005, Vol. 33, No. 20Figure1.(A)DNA-humantopoisomeraseIcovalentcomplex,seenfromlinkersideofproteinandalongDNAhelicalaxis.DNAdownstreamofthenick(seetext)in
yellow, upstream DNA in purple, protein is in green, (nose-cone helices pointed at by blue lines); lips region, including the 35 residue difference between the distal
andproximalclamps(seetextandFigure1D),areinred,hingeregionisinorange.(B)DifferentperspectiveofDNA-humantopoisomerasecomplexfocusingonthe
DNAduplex.ProteinshownintransparentcolorstomakeDNAvisible.Activesiteresidue(Tyr723)andthephosphategroupatthenickpointarerepresentedbyball
and stick model to show covalent attachment. The phosphate groups of  1 base (Ade) and and the +10 base (Ade), defining the rotation axis (which is in blue) are
shown as large spheres, yellow for the +10 Ade and purple for the  1 Ade. The remaining coloring scheme is the same as in part A. In our molecular dynamics
simulations,werotatedownstreamDNAduplex(inyellow)aroundthebluerotationaxis[mimickingtherotationdrivenbythesupercoilingtorque(24)]asindicated
by the double-headed black circular arrow. (C) Caricature of supercoil relaxation, as revealed by simulations. View perspective as in Figure 1A; DNA: yellow
cylinder,protein:twogreenhemispheres(uppercapandbottompart)connectedbyanorangethread-likehinge(seepanelsA,Bofthisfigureandtext);lipsareonthe
right, at opposite side of the hinge. To bind DNA, the enzyme opens upper and lower ‘jaws’ and closes them around DNA. Following arrows to the left or right
describesrelaxationofnegativeorpositiveDNAsupercoils,respectively. Torelaxnegativesupercoils, DNAneedsto rotate clockwisein theenzyme’s grip;torque
applied in our MD simulation in that direction causes stretching of the (orange) hinge region. Counter-clockwise DNA rotation relaxes positive supercoils and
producesopeningofthe lips.(D) The twoclampsused inCareyet al. andWooet al. Downstream DNA:yellow;upstreamDNA:purple.The proximal clamp(Woo
etal.)wasproducedbyCysmutationsinGly365andSer534,andshowninblue.Thedistalclamp(Careyetal.)wasengineeredbymutationsinHis367andAla499,
and is colored green. The remaining lips of the protein is in red.
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simulation was 1.8 ns long, and took around 18 days on a 4
dual-node cluster of 8 AMD-Opteron-1.7GHz-64Bit CPUs.
The rotation axis is chosen to be a hypothetical axis that
passes through the phosphate of the  1 adenine and the phos-
phate of the +10 adenine on the intact strand. The choice of the
 1 Ade phosphate is motivated by the fact that, on one hand, it
is exactly opposite the phosphate on the scissile strand which
forms the phospodiester bond with the protein, and, on the
other hand, it sits at the middle of the intact backbone part that
connectsthe  1Ade and +1Ade.Choosing the rotation axis to
pass through other atoms (or points in space) in this region will
shift the rotation axis 1–2 A ˚ on the helical curve, which is
not expected to signiﬁcantly affect the overall protein motion.
The +10 Ade phosphate is chosen because it sits just below
the  1 Ade phosphate in the 3D structure. Thus, the rotation
axis becomes parallel with the helical axis of the rotating
downstream duplex, which is needed for a proper (i.e. without
base-pair opening) duplex rotation as hypothesized by the
strand-rotation model. If our choice of the axis of rotation
for DNA is incorrect, all of the described conformational
changes in topo I should be regarded as artifacts of the
simulations and one should not expect to observe them
experimentally.
The CHARMM simulation package (38) was used for all
calculations. A covalent model of the DNA–topoisomerase
complex was set-up, with the position of the linker domain
(missing in the covalent structure, PDB code 1a31) built using
the non-covalent structure (PDB code 1a36).
Theprotein–DNA complexwascompletelyimmersedintoa
60A ˚-radius sphere of TIP3P (39) water molecules with at least
6A ˚ distance between the spherical boundary and the complex;
waters overlapping by up to 2.8 A ˚ were removed. A stochastic
boundary potential was applied (40) and the system was equi-
librated for 0.2 ns. Charge neutralization was performed by
replacing19waterswithsodiumionsintheplaceswherewater
oxygens had highest electrostatic energies. The systems was
then equilibrated foran additional 100pswithoutSHAKE(36)
and 200 ps with the SHAKE algorithm. The ﬁnal equilibrated
structure has an 2.7 A ˚ average RMS deviation from the ori-
ginal crystal structure. Six distinct simulations (corresponding
to distinct ways to manipulate the rotating DNA) were set-up
(see Table 1 in the main text) and analyzed in the light of each
other.
The resultant biasing forces mimic the effective torque
arising from the twist energy contribution stored in the super-
coiling free energy of the DNA substrate [estimated, based
on measurements of the torsional modulus (15) to have the
value, for an entire DNA molecule, on the average 4.5 cm
long, at 5% supercoiled state, of around 12 kcal/mol]. How-
ever, the resultant torques in the simulation exceed by at least
two orders of magnitude the physiologically-relevant torques
expected in vivo. The strategy to apply forces or torques
much larger than the actual ones is a necessity dictated by
the limitations in the time scale accessible to molecular
dynamics and has been used in several other studies
(37,41–43). Given the large degree of forcing imposed to
DNA on a short time scale (shorter than the intrinsic rotation
time scale under physiological conditions), there exists, in
principle, the possibility that protein motion was exaggerated
because of the lack of relaxation time. Based on the reaction
coordinate generated by the present study, calculations of the
potential of mean force (in which the angle of DNA rotation
is ﬁxed and the protein is allowed to relax), as equilibrium
calculations, surpass time scale limitations by restraining the
system along a reaction pathway and are an obvious continua-
tion of the work presented here. [While the method will be
immune to a possible criticism of the shortness of reaction
time scales, it will still have to address the issue of time to
converge at the restraint points on the reaction path.]
Systems 1 and 2 represent the original strand rotation
scheme where only the downstream part rotates. Although
system 5 and system 6 may also be seen as representatives
of a strand rotation scheme, they do not produce the desired
motion (relative rotation of the downstream part) due to the
fact that upstream DNA, together with the covalently attached
protein, follow the downstream part when it is left free. The
results of the simulations done on the system 5 and system 6
are found to be overall system rotations as a rigid body. This is
because the upstream duplex is left free while the downstream
part is subjected to a harmonic potential that drives the rota-
tion. Such uneven treatment of the upstream part combined
with the fact that the rotations are done on a rapid, ns time
scale, causes the upstream duplex to rotate, unless external
potentials are applied as in systems 1,2 and 3,4. Secondly, as
explained above, applied potentials mimic the torque in the
supercoiled DNA (although not quantitatively, but in what the
resultant motions are concerned), and both the downstream
Table 1. Descriptions of the six systems used for MD simulations
External potential is applied to: Direction of the biased rotation
a Rotation increments The system relaxes:
System 1 Both downstream and upstream parts Downstream!Counterclockwise 10  Positive supercoils
Upstream!No rotation 0 
System 2 Both downstream and upstream parts Downstream!Clockwise 10  Negative supercoils
Upstream!No rotation 0 
System 3 Both downstream and upstream parts Downstream!Counterclockwise 10  Positive supercoils
Upstream!Clockwise 10 
System 4 Both downstream and upstream parts Downstream!Clockwise 10  Negative supercoils
Upstream!Counterclockwise 10 
System 5 Only downstream part Downstream!Counterclockwise 10  Positive supercoils
Upstream!No rotation 0 
System 6 Only downstream part Downstream!Clockwise 10  Negative supercoils
Upstream!No rotation 0 
aWhen looking from the perspective in Figure 1A, i.e. from the linker side of the protein.
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directions when DNA is nicked. Therefore, the upstream
part should also be treated equally, and a restraining potential
should be applied in some format. Therefore, we focused on
the results of the simulation of these four systems, where both
downstream and upstream duplexes are treated with external
potentials.
Normal mode analysis
The structure at the end of the equilibration phase of molecular
dynamics is minimized until a root-mean-square gradient of
10
 5 kcal/mol/A ˚ is reached in a series of 7500 cycles of
steepest descent, followed by 8000 steps of the adopted
basis Newton–Raphson procedure. This number of steps is
needed such that, after discarding the six rigid-body modes,
no negative eigenvalues are obtained. The lowest 1500 modes
have been determined on this minimized structure by a iter-
ative diagonalization scheme of the Hessian, where repetitive
reduced-basis diagonalizations have been performed. These
reduced basis is constructed partially from the not yet con-
verged eigenvectors in Cartesian coordinates. This provides
very efﬁcient large calculations on big systems (such as the
one used here) by consuming less memory and will make
possible repetitive calculations for a multitude of suggested
mutants. The details of the procedure are given in (44). The
projections of the lowest modes are done on the different
reaction coordinates, chosen to be multidimensional vectors
that correspond to the difference between the coordinates of
the initial and the ﬁnal structures. Ordinary dot product of each
mode with the reaction coordinates were performed.
RESULTS
Molecular dynamics simulations were run on a covalent com-
plex with external constraining potentials on DNA (mimicking
torque on either positively or negatively supercoiled DNA)
that pushed it harmonically towards a target position obtained
by applying, in 10  increments, full-circle (clockwise or
counter-clockwise) rotations to the scissile strand, around
an axis passing through the intact one. Six distinct DNA-
topo-solventsystems(containing86694atoms each,including
water and counterions, and differing in how and on which
region the constraints were applied, see Table 1) were simu-
lated for 1.8 ns each. Out of the six runs, only four of them
(system 1–4) were adept at relaxing supercoils. For the other
two, the upstream DNA part was allowed to move, and it
followed (together with the covalently attached protein) to
a large extent the rotation of the downstream part, resulting
in no effective relaxation. (For computational details, see the
Materials and Methods section.)
Although the ‘controlled-rotation’ mechanism suggests
that the downstream duplex rotates around the intact strand
(21), we have also tested an alternative model, in which
DNA rotation isperformed aroundthe helicalaxis. This altern-
ative model was however untenable due to the large under-
lying free energy proﬁle relative to the strand rotation
scheme (exceeding 70 kcal/mol for a mere sixth of a full
rotation). Rotations around the helical axis were therefore
ruled out.
Distinct protein motions involved in positive versus
negative supercoil relaxation
Whether the protein, during strand rotation, stays in the closed
form or opens its lips has been a focus of two recent studies
withseeminglycontradictoryconclusions.In2003,Careyetal.
(45) reported the engineering of two cysteines into the oppos-
ing lips that, after DNA-binding, formed a disulﬁde bond (a
‘distal clamp’, in reference to its relative distance from the
active site, see Figure 1D) that sealed the two lips. They
observed that the rate of DNA relaxation in the clamped form
of the protein is comparable to the unclamped one, and con-
cluded that relaxation occurs in a closed conformation. How-
ever,laterinthesameyear,Wooetal.(46)publishedthedesign
of a disulﬁde bond that clamped the two lips at a position that
wasclosertoboththeactivesiteTyr723andtotheboundDNA
duplex; we refer to it as the ‘proximal clamp’ (see Figure 1D).
Contrary to what was found for the distal clamp, they observed
that DNA rotation is inhibited within the locked protein.
Because the above studies showed that the two subtle altera-
tions in the ﬂexibility of the enzyme impacted differently on
the enzyme’s activity, it is of fundamental interest to study the
extent of protein breathing (or opening) during strand rotation.
Does the wild-type protein stay or not in the closed clamp
conformation during DNA rotation? If it does open up, then
how and how much? Previously, any possible opening was
thought to occur by parting the two lips, so it was these regions
that have been sealed in the clamped mutants. We stress that,
importantly, both the Carey et al. and the Woo et al. clamped
mutants used positively supercoiled DNA substrates.
Wehavesetouttoassesstheopeningoftheproteinbydirect
simulations of DNA rotation, in both the positive and negative
direction, and have revealed unexpected structural dynamics
(see the two movies in Supplementary Data). We have found
that, while to relax positive supercoils the enzyme does tend to
openupbyagradualseparationofthetwolips(seeFigure2A),
the situation is quite different in the case of removal of neg-
ative supercoils (see Figure 2B). For this case, our simulations
indicate that the upper and lower cap open up by stretching the
hinge region (from Leu429 to Lys436, positioned diametric-
ally opposite the lips across the DNA helical cross-section),
while the two lips do not signiﬁcantly change their relative
positions. Weﬁndthus that negative supercoilrotations induce
the reverse opening motion relative to the opening of the lips
induced by rotations of positive supercoils (see Figure 1C).
Moreover, the opening amplitudes imparted by the two types
of supercoiling are similar; the hinge stretching and the lip
opening distances are both within 10–14 A ˚. This result is
reproduced in all four of our relaxation-competent runs
(systems 1–4, see Table 1). The relevant distances are plotted,
as a function of DNA rotation, inthe insets toFigure 2Aand B.
It is of interest that the hinge region hypothesized here to be
important for negative supercoil relaxation, is also believed
(21) to be involved in the hinge-bending motion needed to
achieve an open conformation of the DNA-free enzyme that
can part the lip regions wide enough to allow the entry of the
duplex strand (opening step in Figure 1C). This might imply
that this region has been designed to be ﬂexible both as a hinge
and a stretch.
What are the interaction details that bring about the two
distinct mechanisms? The nose-cone helices (in the upper cap)
Nucleic Acids Research, 2005, Vol. 33, No. 20 6625Figure2.(A)Positivesupercoilrelaxation,snapshotsfromthemoleculardynamicsresultsforsystem1inTable1.ColorsandperspectiveasinFigure1A,exceptthat
nose-conehelicesandlinkerdomainareindarkergreen.DirectionofdownstreamDNArotationiscounterclockwise.Thetwo-sidedredarrowpointsattheincreasing
separationofthelips.Noticethat,in thiscase, thehingedoes notstretch(seealsoinset).Distancesin bothfiguresmeasuredbetweencorresponding Caatoms.Also
notethatinbothcasesin(A)and(B).DNAisstillinthegripoftheprotein.(B)Negativesupercoilrelaxation:structuraldetailsfromsimulation(system2inTable1).
AlldetailssameasinpanelAofthisfigure,exceptthatdirectionofdownstreamDNArotationisclockwise.Snapshotsareat90  intervals.Relativestretchingofthe
hingeshownwithtwo-sidedbluearrows.InsetshowsdistancesHis367toAla499(correspondingtodistalclamp),Gly365toSer534(proximalclamp),andLeu429to
Lys436 (hinge).
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control DNA rotation within the protein because these
domains are positively charged. The two nose-cone helices
sit oriented along the spiral groove of the rotating DNA duplex
and, depending on the direction of rotation, impart a push
to different domains of the surrounding protein, much
like the way a nut around a screw is pushed in different
parts of its inner lining when the screw rotates clock or anti-
clockwise. The DNA rotation that relieves positive supercoils
affects mainly the right nose-cone helix a5 (i.e. on the right
side of Figure 2A, see also movie 1), which pushes open
the right side of the cap region. On the other hand, the
rotation that relaxes negative supercoils moves ﬁrst the
left nose-cone helix a6 (in Figure 2B, see also movie 2),
inducing motion of the left cap region, which in turn stretches
the hinge.
Interaction energies along rotation coordinate
The energy of interaction of DNA with the right nose-cone
helix, left nose-cone helix, as well as with the linker domain,
is calculated along the rotations. In agreement with the
above observation, they show that the linker domain and
the right nose-cone control the rotation of the DNA pre-
dominantly for removal of positive supercoils, whereas
the left nose-cone helix (a6) controls rotations that relax
negative supercoils. This prompts at residue locations
for charge-neutralization mutations with the potential to
alter relaxation of one type of supercoiling, but not of the
other.
As seen in Figure 3A, the interaction energy (95% of which
was electrostatic) between the linker and DNA is conserved
during rotations that relax positive supercoils (system 1 and
system 3 in Table 1), whereas this interaction is lost during
rotations that relax negative supercoils (systems 2 and 4 in
Table 1). However, the situation is reversed for the interaction
between DNA and the left nose-cone helix (see Figure 3C), in
which the interaction quickly weakens for positive supercoil
relaxation (system 1 and system 3), while it is conserved for
negative relaxation (system 2 and system 4). [Due to ﬁnite
sampling problems (common to all molecular dynamics simu-
lations of large systems), the actual values of the energies
presented here are to be taken in a qualitative sense. A
more detailed energy analysis is to be done in future work
using potential of mean force calculations.]
For the interaction between DNA with the right nose-cone
helix, the two simultaneous 180  rotations of both parts (sys-
tem 3, see Table 1) produced conservation of the interaction as
expected. However, a 360  rotation of just the downstream
part (system 1 in Table 1) shows no such conservation (see
Figure 3B). This can be a result of the fact that the interaction
between the linker domain and the DNA is more stable in
system 1 than in system 3, meaning that the linker is in control
of positive supercoil relaxation. Again, the right nose-cone
helix-DNA interaction is almost completely lost in systems
2 and 4 (see Figure 3B), showing that the left nose-cone helix,
and not the right one, dominantly controls rotations that relax
negative supercoils.
The above ﬁnding is in agreement with the recent single
molecule experiment on vaccinia topo I (24), which revealed
that friction between protein and DNA is important in the
control of DNA rotation. As friction derives, on the atomic
scale, from the interaction energy between the topoisomerase
cavity and DNA, our aforementioned discussion on the pre-
servation of the interaction supports the conclusion of the
friction-based model proposed by Koster et al. (24). In addi-
tion to it, we have revealed speciﬁc sites in the protein that
govern friction (e.g. the linker and nose-cone helices), and we
surmise that, without the protein, DNA rotation might be
faster, but certainly ‘uncontrolled’.
Analysis of clamping studies
The fact that the disulphide clamping studies of Carey et al.
(45) and Woo et al. (46) produced opposite results (the
proximal clamp inhibited relaxation, while the distal one
did not) was interpreted to arise from the relative positioning
of the clamps with respect to the rotating DNA. Although
Carey et al. used an N-terminal truncated human topoi-
somerase I (topo70), while Woo et al. used a full length pro-
tein, the truncated topo70 (starting from residue 175) retained
its activity. The fact that the ﬁrst study used temperature
changes and the second a DNA intercalator is not likely to
be fundamentally signiﬁcant, as both of the procedures
have the same effect on the DNA substrate. The explanation
of the observed differences is most likely that the proximal
clamp strangles DNA more tightly than the distal one, imped-
ing strand rotation. However, no time-resolved details of the
entire rotation mechanism existed. Moreover, although both
studies used only positively supercoiled DNA substrates, [For
DNA intercalators, this requirement was due to the imposs-
ibilitytoassay negativesupercoilsbecause suchstudiesinduce
DNA supercoiling after the formation of topo-DNA catenanes.
A temperature shift method should, in principle, not have
this problem.] their conclusions were extended to the general
relaxation mechanism of both kinds of supercoils. This tacit
assumption may have stemmed from the knowledge that
human topo I can remove both positive and negative super-
coils. However, in the light of the distinct opening motions
found in the present rotation simulations, it is essential to
differentiate between supercoiling signs. The actual simula-
tions on the clamped enzyme systems are in progress, and
more detailed explanations for the observed contradictory
ﬁndings of Carey et al. (45) and Woo et al. (46) will be
available at the atomic level. Meanwhile, we have investigated
how the distances between the amino acids of the wild-type
corresponding to the distal and proximal clamp Cys mutations
change in our different molecular dynamics simulations. As
mentioned, during rotations that remove negative supercoils
we found, remarkably, that the two lips do not open up, and
that both the proximal and distal clamp distances remain
almost the same. This feature was reproducible, and both our
runs that are adept at relaxing negative supercoils exhibited
this feature. In system 2, the two clamp separations ﬂuctuate
around 5 ± 0.5 A ˚ (see Figure 2B), except that the proximal
clamp shows a 1.5 A ˚ sudden increase during the last 40 
rotations. In system 4, the ﬂuctuations are within ±2.5 A ˚
and the same for both clamps. The ﬁnal changes (at the end
of 360  rotations) are 0.5 A ˚ decrease in the distal clamp and
1.3 A ˚ increase in the proximal clamp for system 2, and 0.4 A ˚
increase in distal clamp and 0.2 A ˚ decrease in proximal clamp
in system 4 (see Figure 3D and E). Therefore, these very small
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those obtained in rotations for removal of positive supercoils
where the changes are observed around 10–14 A ˚ (see
Figure 3D and E). Given that (i) our simulations indicate
that the behavior of the protein acting on negative supercoils
is fundamentally distinct from the positive case, and that
(ii) clamping experiments were performed on positive super-
coils, it would be of great future interest to perform the two
lip-clamping experiments with negatively supercoiled DNA
substrates.
Possible implications of the N-terminal domain
Deletion of the ﬁrst 190 amino acids from the N-terminus of
human topo I (amino acids 1–190) is proved not to modify
signiﬁcantly human topo I’s mechanism relative to the full
length enzyme (47–49). However, three recent studies showed
results that bring about remarkable insights when viewed from
the point of the simulations reported here. Firstly, in 2001,
Lisby et al. (50), by truncating amino acids from the N-
terminal all the way down to position 206, proved that the
Figure 3. (A) Interaction energies (locally-averaged, and in kcal/mol) of DNA with the linker domain (residues 636–712) as a function of the extent of rotation.
(B) Interaction energy of DNA with the right nose-cone helix (a5, Thr303 to Gln318). (C) Interaction energy of DNA with left nose-cone helix (a6, Lys321 to
Tyr338).(D)Thevariationofthedistance(inangstroms)ofthedistalclamp(His367–Ala499)inallfoursystems,asafunctionoftheextentofrotationofdownstream
DNA. (E) The corresponding plot for the proximal clamp (Gly365–Ser534). All distances are measured between the two Ca atoms. Legends in inset are the same
for all panels.
6628 Nucleic Acids Research, 2005, Vol. 33, No. 20‘further-down’ residues 191–206 participate in topoisomeriza-
tion either by binding DNA directly or by promoting DNA-
binding to other regions of the enzyme. The truncated enzyme
distinguished itself from the wild-type by exhibiting insens-
itivitytotheanti-cancerdrugCPTinrelaxationandinabilityto
ligate blunt end DNA fragments. This implicates the truncated
region in the control of strand rotation. Secondly, in 2003,
Christensen et al. (51) also reported that residues 190–210 of
humantopoisomeraseIarerequiredforenzymeactivityinvivo
(but not in vitro). Thirdly, while our work was in progress,
Frøhlich et al. (52) strengthened the conclusion found by
Lisby et al. (50) by studying the N-terminal residues more
in detail, and hypothesized that Trp205 (among other amino
acids positioned between 191–206) coordinates DNA rotation
during topoisomerization.
From a structural point of view, Redinbo et al. (27) had
resolved, in 2000, 12 additional residues at the N-terminal
domain (positions 203–214). The observations that (i) these
new residues were found to be in close proximity of the hinge
region, and that (ii) our simulations indicate that relaxation of
negative supercoils induces a stretch in the hinge (rather than
causing the lips to open) can be corroborated to provide a
possible explanation for the biochemical deletion studies
presented above.
That is, taken together, our ﬁndings and the new N-terminus
structural data thus suggest that the N-terminal region is, in
fact, important for the removal of negative supercoils because
some of its residues are packed against the hinge region. [This
region would therefore be a hot spot for engineering mutations
either in the hinge or N-linker to alter topo I activity.] More
interestingly, Trp205 [found to be particularly important by
Frøhlich et al. (52), see above] is the closest residue, among
the 12 newly resolved residues, to the hinge region (Leu429 to
Lys436): it has side chain atoms only around 4 A ˚ away from
those of Ser432 and Arg434. We cannot, at the moment, say
more about the function of the N-terminal as it is absent from
the covalent structure our studies were performed on. Import-
antly, however, all three biochemical studies (50–52) on the
role of the N-terminal domain were performed on negatively
supercoiled DNA. In the light of the different negative versus
positive relaxation protein motions seen in our simulations, it
is tempting to speculate that the N-terminal region can, in fact,
control removal of only negative supercoils (through its close
interactions with the hinge). Mutations in the N-terminus
should not signiﬁcantly affect positive supercoiling relaxation.
[Although there could be ‘second-order’ effects due to the fact
the opening motion of the lips hinges on the hinge region.
Therefore, for an Cys-mutant experimental test of our predic-
tion (i.e. that the hinge stretches upon relaxation of negative
turns), it would be optimal if the disulﬁde bond is ‘locked’
after non-covalent binding of the protein (by pH change).]
This is a testable hypothesis in future experiments that
would compare hinge-mutated topo I activity on positively
and negatively supercoiled DNA substrates.
RMS deviations during MD simulations
In terms of the average root-mean-square deviations observed
in all heavy protein atoms, system 1 produced the largest
deformations in the linker part, while the core subdomain II
shows the minimum RMS deviations, as seen in Figure 4A.
This is consistent with the argument that the linker domain is
in more control of the relaxation of positive supercoils than the
right nose-cone helix (which is within the core subdomain II).
This is because the DNA duplex is a double-stranded stiff
chain, with persistence length of about 1000 A ˚, so even if
we impose the rotation around the intact strand, the protein
is capable of adapting to take the orientation of ‘minimal
resistance’ during DNA rotation. Therefore, correlation
between RMSD and the interaction energies with the DNA
suggest that those domains that control the rotations are more
ﬂexible, and they adopt the necessary structural changes to
conserve the interactions with the rotating DNA atoms. [Sev-
eral equilibrium MD simulations on topoisomerases have been
recently performed (53–55) and have explored additional cor-
relations between domains; however, there was no attempt to
model the actual relaxation mechanism (as was done here).]
Similarly, both system 2 and 4 (which relax negative super-
coils) exhibit a distinct RMSD in core subdomain I (see
Figure 4B and D), which is larger than those observed for
the other domains. This is also in agreement with the obser-
vation that the left nose-cone helix (which is within the core
subdomain I) controls the rotation for relaxation of negative
supercoils, more than the linker does. The study of Redinbo
et al. (26) on protein ﬂexibility concluded that the linker
domain and the upper cap region (composed of subdomain I
and II) show the maximal degree of ﬂexibility, a result in good
agreement with the above discussion. They observed that, at
least in the crystal structures, the linker domain is the most
ﬂexible part of the protein exhibiting up to 4.6 A ˚ non-
isomorphic shifts, followed by the cap region with up to
3.6 A ˚ deviations. These experimental ﬁndings are consistent
with our calculated RMS deviations of the room-temperature
solvated system, which are less than 4.5 A ˚, with the largest
RMS deviations in the linker and the core-subdomain I (on
the upper cap), followed by the C-terminal and core-
subdomain III.
Whilewe ﬁndthat the RMS deviation of individual domains
from their crystal structurereferencestays below 4.5 A ˚ (i.e. we
do not artiﬁcially unfold domains by the rapid rotation), large,
see-saw-like opening motions of the two caps as a whole due
to the strand rotation are observed. Although large, these dis-
placements are comparable to those reported in experiments
on other topoisomerases. For Escherichia coli topo I, large
conformational shifts of about 20 A ˚ are also reported (22).
Similarly, type IIA topoisomerases have been shown to under-
go dramatic conformational changes that are larger than 20 A ˚
(56,57). This paints a rather dynamic picture of the larger
family of topoisomerase enzymes in general as they manip-
ulate DNA by ample motions.
Same set of topoisomerase normal modes encodes
both opening motions in a see-saw fashion
To gauge the inherent ﬂexibility and large amplitude (low
frequency) motions related to the conformational changes
that the protein undergoes, and to complement the model
provided by the molecular dynamics simulations, we have
performed a normal mode analysis of human topoisomerase
I on the MD-equilibrated structures. (This consists of the diag-
onalization of the second-derivative matrix of the potential
energy, yielding the vibrational frequencies, as well as the
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technical details). Such analyses have provided considerable
insight into the nature of collective motions in many proteins
(58–62) and have showed that, in most systems where an
initial and a ﬁnal structure are available, the ﬁrst few low
frequency modes are sufﬁcient to describe the large-scale con-
formational changes involved in going from one structure to
the other (63,64). This strategy has worked well, including for
protein–DNA complexes (65), as well as for systems as large
as the ribosome (66).
Thedifference vectors betweenthe initial andthe ﬁnal (after
a 360  DNA rotation) of the protein for the 4 relaxation-
competent systems we have studied have been regarded as
reaction coordinates, and the lowest 100 modes have been
projected on the these reaction coordinates. The percent con-
tributions to the reaction coordinate are plotted in Figure 5A
(system 1 and 2), and the corresponding plot is presented in
Figure 5B (for system 3 and 4). Signiﬁcant contributions
appear especially from the lowest 30 non-zero modes. As
the reaction coordinate describes the breathing of the protein
(whether this involves opening of the lips or stretching of the
hinge), the signiﬁcant contributions document the protein’s
large inherent ﬂexibility which, perhaps by design, allows
for ﬂexing during DNA rotation. These implications are
particularly attractive in the light of recently reported involve-
ment of concerted protein motions in the activity of enzymes
[see (67) and discussion below].
Interestingly, it is observed that the contributions to relaxa-
tion of positive supercoils are almost a mirror image of the
contributions to relaxation of negative supercoils with respect
to the mode number. This vividly demonstrates that the same
modes are responsible for both positive and negative supercoil
relaxations. The crystal structure ‘ground-state’ of the protein
therefore seems to encode (and to almost equally favor) both
lip opening and hinge stretching in a see-saw motion of the
upper cap relative to the lower one.
Normal mode analysis is a linear approximation of local
dynamics, in distinction from molecular dynamics. It, non-
etheless, is in good agreement with the MD results. Even if
the normal modes were calculated in the absence of torque on
DNA, torque was implicitly considered because it was applied
to generate the reaction coordinates in the two directions. It
therefore affected how the supercoiling sign of the DNA sub-
strate directed protein motion. This is important because, for
topo IV (a type II enzyme), studies of positive versus negative
relaxation showed that for preferential cleavage of positively
Figure 4. AverageRMSdeviationsforallfoursystems;(A)forsystem1,(B)forsystem2,(C)forsystem3,and(D)forsystem4.RMSDswerecalculatedonheavy
atomsofprotein’sdomains,andplottedasafunctionoftherotationangle.Legendsininsetarethesameforallpanels.RMSDswerecalculatedbysuperimposingthe
coordinates of a domain (at every 100 MD steps) on the initial coordinates at the beginning of the rotation.
6630 Nucleic Acids Research, 2005, Vol. 33, No. 20supercoiled DNA, substrate discrimination can take place
before strand passage (14). It is of considerable interest to
explore whether this strategy is used by type I enzymes.
DISCUSSION
Conclusions of computational studies
As a result of applications of MD simulations and of normal
mode analysis, we have determined that:
(i) The relaxation mechanisms for positive and negative
supercoilsarenotthesame.Removalofpositivesupercoils
requires opening of the lips by 10–14 A ˚, while removal of
negativesupercoilsneedsthehingeregion(fromLeu429to
Lys436) to stretch about 12 A ˚.
(ii) The N-terminal part of the protein, a subject of ongoing
debate, is likelyto be important for the relaxation of nega-
tively supercoiled DNA, and it may or may not be impor-
tant for the relaxation of positively supercoiled DNA.
(iii) As suggested by structural data, the linker domain and the
nose-conehelicesarefoundtocontroltherotationsneeded
torelaxDNA.Inadditionalinsight,simulationsrevealthat
the linker domain dominantly controls rotations for
removal of positive supercoils, whereas the nose cones
(particularlythe left nose-cone helix) isthe dominantcon-
troller of the rotations that remove negative supercoils.
(iv) Theproteinhaslarge, andalmost identical, inherentstruc-
tural flexibility (as characterized by normal modes)
towards both type of relaxations.
On the kinetic effects of clamping
Kinetic data are available for the related topo IB enzyme,
vaccinia topoisomerase. For it, biochemical evidence shows
that, on average, ﬁve strand rotations per binding event occur
(68) [incontrasttoasingle-molecule estimateofabout 19rota-
tions per cycle (24)], and that cleavage is slower than rotation
and religation (32,69,70). However, no kinetic data are avail-
able to discern what the rate limiting step is for the human
enzyme under processive conditions (i.e. when it relaxes sev-
eral supercoils upon one binding event) and physiological
DNA substrate concentrations. Equally frustrating is also
that no data exist to bear on the question of whether or not
rotation is slower in either the distal or proximal clamp states.
It is certainly possible that in the closed clamp conformation,
rotation is impeded relative to the unclamped state. What will
be important to consider experimentally is whether rotation is
faster than religation since, once cleavage occurs, these are the
two competing reactions. These parameters have not been
measured for the human enzyme and are certainly more dif-
ﬁcult to measure than for the vaccinia topo (J. J. Champoux,
private communication). Moreover, it is not clear if conclu-
sions from vaccinia topo I can be extrapolated to human topo I,
because the former has pronounced sequence speciﬁcity and,
presumably, a distinct covalent DNA-binding pattern invol-
ving an extrahelical nucleotide position at the binding site
(71). What will be important to address, in future computa-
tional studies of the Cys-clamped complex, is to which extent
rotation is impeded by the distal or the proximal strand. The
possibility that a difference between the seemingly contradict-
ory results obtained when disulphide-clamping the lips by
Carey et al. (45) and by Woo et al. (46) is due to the absence
and, respectively, the presence of the N-terminus in the two
constructs cannot formally be excluded. However, because of
the distinct positioning of the two clamps, we expect that the
clamped simulations will reveal signiﬁcant dynamic and ener-
getic differences of DNA interactions, in particular with the
nose cone helices.
Simulated mechanisms suggest additional
experiments
Our computational ﬁndings of the different mechanisms men-
tioned above can be used to engineer topoisomerases with
inhibited activity towards, or that selectively relax only,
one kind of supercoils. One way this can be achieved is by
engineering the proximal clamp and therefore preventing
relaxation of positive supercoils. As we show that the lips
do not open signiﬁcantly during relaxation of negative super-
coils, this clamping should still permit relaxation of negative
supercoils. In this case, one may observe a decrease in the
rotation rate, as our MD simulations show that the distances
corresponding to both the distal and the proximal clamps
increase by 2 A ˚, and then decrease back to original values.
Figure 5. (A) Projection of normal mode directions on the protein reaction
coordinatecorrespondingtorelaxationofpositive(inblue)andnegative(inred)
supercoils. Reaction coordinate generated by fixing the upstream DNA and
rotatingthedownstreampart(seealsoTable1)(B)SameaspanelAexceptthat
the reaction coordinate of the protein was generated in two other independent
runs, applying torque on both upstream and downstream DNA.
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all protein breathing motions (10–14 A ˚), and therefore relaxa-
tion of negative supercoils should not be inhibited. A protein
that performs the reverse function, allowing relaxation of pos-
itive supercoils and preventing that of negative ones, may be
obtained by engineering disulﬁde bonds in the hinge region. A
possible pair of Cys mutants could involve, for example,
Leu429 and Lys436, which have their Cas only 6 A ˚ away
from each other in our equilibrium simulations. This hinge-
clamping strategy is likely to allow relaxation of positive
supercoils without much impediment, because the hinge
region is unchanged during the relaxation of positive super-
coils.
A ﬂuorescence resonance energy transfer (FRET) experi-
ment, with two ﬂuorophores, one in the upper and one in the
lower cap, could constitute another test of the proposed dis-
tinct conformational changes (72). To observe opening, the
ﬂuorophore pair would be placed next to the lips or next to the
hinge. A technical issue to be resolved would be to ﬁnd that
pair of ﬂuorophore labels for which the Fo ¨rster distance of
the donor-acceptor pair (at which FRET efﬁciency is 50%)
would be around 20 A ˚ to accommodate an extended hinge or
the opening of the lips (see Figure 2).
FRET experiments could also possibly shed light in the
following matter. The state of the protein upon a full DNA
rotation [in both (+) and ( ) cases] is not the same as the state
of the protein at 0 . We have no rigorous proof to exclude
the formal possibility that this is a consequence of the rapid
time scale for the simulation (on which the protein might not
have enough time to relax). Such a proof would require
extending the simulation to times that are not available to
current computer hardware. However, we believe that it is
more likely that what we see at 360  is an intermediate
state between open and closed. This intermediate would be
the state in which rotation of the nicked DNA is allowed. It is
important to note in this regard that DNA is thought to rotate
several times before religation, as shown by recent single
molecule (24) and bulk experiments (68). A transition from
this metastable intermediate to the closed state would be fol-
lowed by religation. Because such a transition can well take
beyond microseconds, we were not able to observe it by direct
molecular dynamics. It is also imaginable that another inter-
mediate exists that would allow sliding alongthe DNA duplex,
in-between two relaxation events. The conformations we have
generated at 360  could also be representative of such a putat-
ive state (although if it exists, it should correspond to a non-
covalent complex).
Another way to alter activity by altering ﬂexibility and
dynamics can be attempted in a systematic way by changing
amino acids throughout the protein, gauging their ﬂexibility
by normal modes, and performing more detailed molecular
dynamics studies on those particular mutants that show a
signiﬁcantly altered pattern of projections onto rotation
coordinates. This is particularly important because recent
evidence points to coupled networks of predominantly con-
served residues that inﬂuence protein motion, which in turn
points at an evolutionary selection of these coupled networks,
of potential importance to protein engineering (67).
Topo I may be used as a biological machine that selectively
relaxes only one type of supercoil, while preventing the other
at speciﬁc-sites on the DNA chain. In an instance of a topo IB
enzyme with speciﬁcity to the DNA sequence to which it
binds, vaccinia topoisomerases, a possible ‘strangling
machine’ could in principle be devised to alter preferentially
the sign of supercoiling in a sequence-dependent fashion and
possibly switch genes on and off.
Human topoisomerase I is the sole target of a novel class of
potent anti-cancer drugs from the CPT family. Recent evid-
ence (73) points to the fact that CPT, in addition to impeding
religation, might also hinder rotation by intercalating at the
nick site. Additional studies of the type presented here applied
to the CPT-bound system should be important in understand-
ing in detail the role of this anti-cancer drug.
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